Background/Aims: Pendrin is a Cl -/I -/HCO 3 -exchanger playing a fundamental role in controlling blood pressure and airway function, therefore representing an attractive target for the treatment of hypertensive states and respiratory distresses. A review of the literature regarding the ability of some compounds (namely several known inhibitors of ion transport) to block pendrin activity revealed discordant findings. These incongruous findings may be due, in part, to the concentration of compound and/or the nature of the model system used in the study. Methods: Pendrin activity was evaluated by measuring pendrin-dependent iodide influx following overexpression of the transporter in a human kidney cell line, in the presence of selected test compounds or the respective vehicles. Results: Pendrin activity was significantly hampered by 0.1 mM 5-nitro-2-[(3-phenylpropyl)amino]benzoic acid (NPPB), niflumic acid and tenidap, but was resistant to 0.1 mM 4, 4′-diisothiocyano-2, 2′-stilbenedisulfonic acid (DIDS), furosemide and probenecid. Conclusions: The results of the present study indicate that clinically effective non-steroidal anti-inflammatory drugs (niflumic acid and tenidap) directly inhibit pendrin activity.
Introduction
Pendrin (solute carrier family 26, member A4; SLC26A4) is an electroneutral, Na + -independent Cl -/I -/HCO 3 -exchanger of which malfunction leads to forms of sensorineural autosomal recessive syndromic (Pendred syndrome; OMIM ID_274600) [1] or nonsyndromic deafness (DFNB4; OMIM ID_600791) [2] , with and without thyroid involvement, respectively. Besides being expressed in the inner ear and thyroid, pendrin is also found in the kidney and airways.
In the kidney, pendrin is localized on the apical membrane of B and non-A, non-B intercalated cells of the cortical collecting duct (CCD) and connecting tubule (CNT) [3] [4] [5] . The first well characterized function of pendrin in the kidney was the secretion of HCO 3 -and the control of acid-base balance [3, 6] . Later, a consistent body of evidence pointed to a significant Table 1 . Compounds tested on pendrin activity. The established target(s) known to be blocked by each compound is (are) reported together with the previously reported (when known) effect on pendrin and the effect observed in the present study. The concentration tested in the present or previous studies was 0.1 mM, except where otherwise specified. The concentration of CFTR-inhibitor 172 was 1.6 µM, suggested by previous reports leading to maximal reduction in the open probability of CFTR [88] . The concentration of eplerenone was 10 µM, due to poor solubility. CFTR, cystic fibrosis transmembrane conductance regulator; COX, cyclooxygenase; DIDS, 4, 4′-diisothiocyano-2, 2′-stilbenedisulfonic acid; DNDS, 4, 4'-dinitrostilbene-2, 2'-disulfonate; DRA, down-regulated in adenoma; ENaC, epithelial sodium channel; KCNJ1, potassium channel, inwardly rectifying subfamily J, member 1; LOX, lipooxygenase; NCC, sodium chloride cotransporter; NKCC2, sodium potassium chloride cotransporter 2; NPPB, 5-nitro-2-[(3-phenylpropyl)amino] benzoic acid; OAT1, organic anion transporter 1; PLA2, phospholipase A2; SLC26A3, solute carrier family 26, member A3
Cell culture and transient transfection Human embryonic kidney (HEK) 293 Phoenix [33] cells were cultured in Minimum Essential Eagle Medium (Sigma-Aldrich, Austria) supplemented with 10% fetal bovine serum (Lonza), 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin and 1 mM pyruvic acid (sodium salt). The cells were maintained at 37°C, 5% CO 2 , 95% air and 100% humidity. Subcultures were routinely established every second to third day by seeding the cells into 100 mm diameter Petri dishes following trypsin/ethylenediaminetetraacetic acid (EDTA) treatment.
For functional tests, cells were seeded into black 96-multiwells, grown overnight and transfected with a total amount of 0.2 μg/well of plasmid DNA. For western blots, cells were seeded into 6-well plates, grown overnight and transfected with a total amount of 2 μg/well of plasmid DNA. The calcium phosphate coprecipitation method was used for transient transfection into cells.
Western blot
Cells were transiently transfected with the pTARGET plasmid bearing the cDNA of pendrin or with an empty pTARGET vector (control). 72 hours after transfection cells were collected and centrifuged at 216 x g for 15 minutes at 4°C. The extraction of the total membrane protein fraction, including both plasma membrane proteins and membrane proteins from cellular organelles, was obtained with the Plasma Membrane Extraction Kit (MBL, USA), according to the manufacturer's instructions. Total cellular membranes proteins were solubilized with 100 mM dithiothreitol and 8% sodium dodecyl sulphate (SDS) and boiled for 5 minutes before loading on a 7.5% polyacrylamide gel. Separated proteins were transferred on polyvinylidene difluoride membranes (Immunoblot PVDF Membranes, BIO-RAD, Germany) by applying a constant voltage (75 V) for 2 hours at 4°C. The membranes were blocked for 1 hour at room temperature in 5% nonfat dry milk in Tris-buffered saline and 0.1% Tween 20 (TBST), cut horizontally in two parts and incubated overnight at 4°C with the primary antibodies (rabbit anti-pendrin, polyclonal, raised against amino acids 586-780 of human pendrin, sc-50346, Santa Cruz Biotechnology, 1:500, or rabbit anticalreticulin, ab4, Abcam, 1:1,000) in 3% nonfat dry milk in phosphate buffered saline (PBS). Membranes were successively washed thrice in TBST, incubated for 1 hour at room temperature with infrared dyeconjugated secondary antibodies (goat anti-rabbit IRDye 800CW conjugated, LI-COR, USA, 1:20,000 in 3% nonfat dry milk in PBS) and washed thrice in TBST. Detection of the signal of immunocomplexes was obtained with the ODYSSEY infrared imaging system (LI-COR). Blot images were densitometrically analyzed with ImageJ 1.46r software.
Pendrin functional test
For testing the function of pendrin in the presence of test compounds and the respective vehicles, the influx of iodide was measured in pendrin-overexpressing and control cells. Cells were co-transfected with 0.1 μg of pEYFP H148Q;I152L N1 plasmid and 0.1 μg of pTARGET plasmid bearing the cDNA of pendrin. Control cells were co-transfected with pEYFP H148Q;I152L N1 and the empty pTARGET vectors. The functional test was performed 48 hours after transient transfection as already described [34] [35] [36] [37] , with adaptations allowing for the use of a multiplate reader [38] [39] [40] [41] (Table 1) . Then, the fluorescence intensity was measured again (1 measurement/sec for 16 sec). Since pendrin can act as a chloride/iodide exchanger [34, 42, 43] , the presence of iodide in the extracellular medium induces an iodide flux into the cytoplasm of pendrin-expressing cells. Iodide is a much better quencher of EYFP H148Q;I152L fluorescence than chloride; therefore, an increase in intracellular iodide leads to a decrease of EYFP H148Q;I152L fluorescence [32] , which reflects pendrin transport efficiency in pendrin-overexpressing cells. Fluorescence variations in control cells (not overexpressing pendrin) reflect the activity of anion channels/transporters endogenously expressed in HEK 293 Phoenix cells. Experiments were performed at room temperature. Salts and chemicals 4, 4′-diisothiocyano-2,2′-stilbene-disulfonic acid (DIDS; D3514), 4, 4'-dinitrostilbene-2, 2'-disulfonic acid (DNDS; S347523), 5-nitro-2-[(3-phenylpropyl)amino]benzoic acid (NPPB; N4779), acetazolamide (A6011), amiloride (A7410), bumetanide (B3023), CFTR inhibitor-172 (C2992), chlorothiazide (C4911), eplerenone (E6657), furosemide (F4381), glybenclamide (G0639), hydrochlorothiazide (H4759), hydroflumethiazide (H8760), hydroxycinnamic acid (545287), indapamide (I1887), methazolamide (VETRANAL™ 30711), niflumic acid (N0630), probenecid (P8761), spironolactone (S3378), tenidap (PZ0196), torsemide (T3202) and triamterene (T4143) were purchased from Sigma-Aldrich (Austria). Stock solutions (0.1 M) were prepared in an appropriate organic solvent and stored at -20 °C in the dark. All salts and chemicals used were of pro analysis grade.
Statistical Analysis
All data were expressed as arithmetic means ± S.E.M. For statistical analysis, GraphPad Prism software (version 4.00 for Windows, GraphPad Software, San Diego, California, USA) was used. Significant differences between data sets were tested by one way Analysis of Variance (ANOVA) with Bonferroni's multiple comparison ad hoc post-test or unpaired Student's t test, as appropriated. Statistically significant differences between data sets were assumed at p < 0.05; (n) corresponds to the number of independent measurements.
Results
Expression levels of pendrin in total cellular membrane protein extracts of control and pendrin transfected cells were evaluated by western blot (Fig. 1) . In control cells, pendrin expression was virtually undetectable, in agreement with previous findings [41, 44] . Following transfection, a significant increase in pendrin protein expression was observed. Bernardinelli
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Bands between 100 and 130 kDa represent the non-glycosylated, partially glycosylated and maturely glycosylated forms of pendrin and correspond to that described in previous reports [45, 46] . The compounds tested on pendrin activity (divided in three categories as follows: established diuretics and hypertensive agents, blockers of anion transport and previously identified inhibitors of solute carrier family 26, member A3/down-regulated in adenoma, SLC26A3/DRA) are represented in Table 1 . The outcome of the functional test in the presence of compounds representative of each of the aforementioned categories is represented in Fig. 2-4 . Addition of iodide to the extracellular solution invariably led to a marked decrease in the fluorescence of the iodide sensor (EYFP H148Q;I152L) in vehicle-exposed pendrin transfected cells (SLC26A4 + vehicle, Fig. 2-4 ). This effect was significantly different (p<0.001) from that measured in cells transfected with the iodide sensor alone and exposed to the same vehicle (control + vehicle, Fig. 2-4) , thereby confirming that pendrin does transport iodide [47, 48] , most likely acts as a Cl -/I -anion exchanger in this system [34] and that the vehicles used in the present study do not significantly interfere with pendrin activity. The fluorescence variations detected in control cells exposed to a given test compound did not differ significantly from those measured in control cells exposed to the corresponding vehicle, indicating that endogenous anion transport was not affected. The only exception to this was the use of 1 mM probenecid (see below). 
Pendrin activity is not affected by thiazides and commonly used diuretics
Thirteen diuretics were selected among classes with established targets in distinct segments of the nephron, specifically (i) the carbonic anhydrase in the proximal tubule, (ii) the Na
-contransporter (NKCC) in the thick ascending limb, (iii) NCC in the distal convolute tubule, (iv) ENaC in the CCD and CNT and (v) the aldosterone pathway in the distal nephron ( Table 1) . None of them significantly altered pendrin-dependent iodide influx ( Fig.  2 and Table 1 ) when used at a concentration of 0.1 mM. Increasing the concentration of furosemide to 1 mM significantly hampered (~39%) pendrin activity (p < 0.001, n = 42).
Pendrin activity is resistant to DIDS but affected by NPPB
Five established inhibitors of chloride channels and anion exchangers were tested on pendrin activity (Table 1) . When used at a concentration of 0.1 mM, only NPPB lead to a significant (33%) inhibition of pendrin-dependent iodide influx (Fig. 3b and Table 1 ). Increasing the concentration of DIDS to 1 mM significantly blocked (~48%) pendrin activity (p < 0.001, n = 42), while 1 mM probenecid altered the anion transport in control cells (p < 0.001, n = 42) with no effect on pendrin-dependent iodide influx. However, 1 mM DIDS also significantly inhibited (~23%; p < 0.001, n = 10) voltage-dependent, potassium-selective channels endogenously expressed in HEK 293 Phoenix cells (data not shown).
Pendrin activity is affected by niflumic acid and tenidap
Four compounds previously reported to inhibit the activity of SLC26A3/DRA were tested (Table 1 ) on pendrin activity. Of them, niflumic acid and tenidap led to a significant (64 and 30%, respectively) inhibition of pendrin-dependent iodide influx (Fig. 4a and b and Table 1 ).
Discussion
Six known inhibitors of ion transport (DIDS, furosemide, niflumic acid, NPPB, probenecid and tenidap) were previously reported as capable of inhibiting pendrin activity, but some (DIDS, furosemide, NPPB, probenecid) led to discordant results and were therefore re-assayed in the present study.
Incongruous effects of some compounds on pendrin transport activity may arise from differences in the concentration used in each individual study. The concentration of most of the compounds tested in the present work (0.1 mM) was based on previous studies [44, 49, 50] . Although this exceeds the IC 50 for the respective conventional targets (Table 1) , it was chosen with the aim of unequivocally excluding ineffective substances. In an initial report, relatively high concentrations (1 mM) of DIDS lead to a 62% inhibition of radiolabelled chloride uptake in pendrin-expressing Xenopus oocytes [47] . In later studies, DIDS was found either to almost completely inhibit (0.5 mM) pendrin activity [51, 52] or to be ineffective (0.1-0.5 mM) [44, 49, 50] . In the present study, 0.1 mM DIDS and the closely related DNDS did not block pendrin activity (Table 1 and Fig. 3a ), in agreement with historical observations on β-intercalated cell dependent HCO 3 -secretion, that was found to be DIDS insensitive [53, 54] . Increasing the DIDS concentration to 1 mM led to a ~48% inhibition of pendrin activity ( able 1), but also significantly affected potassium-selective currents, and is therefore T considered to be largely unspecific.
Similarly to DIDS, furosemide and probenecid (1 mM) were initially reported to inhibit radiolabelled chloride uptake in pendrin-expressing Xenopus oocytes by 59% and 37%, respectively [47] , and then later showed to be ineffective [49] . In the present study, neither 0.1 mM furosemide nor probenecid inhibited pendrin-driven iodide influx (Table  1) . Increasing the furosemide concentration to 1 mM led to a ~39% inhibition of pendrin activity, while 1 mM probenecid affected the endogenous anion transport in the cell utilized for the functional tests, without affecting pendrin-dependent iodide influx (Table 1) .
In a former study, we showed that 0.1 mM NPPB, a known inhibitor of anion channels that is not expected to inhibit anion exchangers, significantly blocked pendrin-induced chloride uptake [44] , a finding that could not be reproduced on SCN -transport [49] . Here we found that 0.1 mM NPPB leads to a ~33% inhibition of pendrin-driven iodide influx ( Table  1 and Fig. 3b) .
Among the SLC26 family members, SLC26A3/DRA is the closest paralog of pendrin with the two proteins showing 44% identity and 60% similarity [55] . Therefore, we verified if some established inhibitors of SLC26A3/DRA (glybenclamide, hydroxycinnamate, niflumic acid and tenidap, Table 1 ) were also effective against pendrin activity. Of those, 0.1 mM glybenclamide was reported to significantly affect SLC26A3/DRA activity [56] , while hydroxycinnamate was relatively weaker [57] . However, in the present study, neither glybenclamide nor hydroxycinnamate inhibited pendrin activity (Table 1) , in agreement with other reported observations [49, 50] .
The anti-inflammatory drug niflumic acid is known to exert its action via cyclooxygenase inhibition [58] , but it is also involved in the modulation of chloride channels, such as ClCKa and ClC-Kb [59] , and was shown to efficiently block SLC26A3/DRA activity [57, 60] . Niflumic acid led to a ~64% inhibition of pendrin-driven iodide influx (Table 1 and Fig.  4a ), therefore confirming our former findings obtained with radiolabelled chloride uptake [44] . Noteworthy, screening a library of 2,000 compounds later confirmed that niflumic acid decreased pendrin-dependent SCN -transport [49] . Niflumic acid also inhibited pendrin-induced iodide uptake and Mucin 5AC production in stably transfected NCI H292 cells [25] . As previously mentioned, in the respiratory epithelium, pendrin expression is enhanced upon stimulation of the IL-4/13 pathway [23] and exacerbates the pathological manifestations of respiratory distresses [20] . Pendrin sensitivity to niflumic acid is in agreement with findings showing that this drug could ameliorate IL-13-induced asthma features such as airway hyperresponsiveness, goblet cell hyperplasia and degranulation and eosinophil accumulation [61, 62] , although inhibition of the calcium-activated chloride channel/chloride channel regulator mCLCA3 (mouse homolog of hCLCA1) was postulated to be the underlying mechanism in those studies.
Tenidap is an anti-rheumatic, anti-inflammatory drug effective against rheumatic arthritis [63] . Its action is related to the inhibition of cyclooxygenases 1 and 2 [64] , as well as lipooxygenase 5 [65] , but it is also known to modulate a number of membrane transporters and channels, including the rat kidney Na + /HCO 3 -cotransporter (rkNBC) [66] and the inwardly rectifying K + channel Kir2.3 [67] . Tenidap was shown to efficiently block SLC26A3/ DRA activity in Xenopus oocytes [57] and HEK 293 cells [56] , as well as pendrin activity in Xenopus oocytes [50] . Here we confirm that tenidap also blocks pendrin activity following expression in human kidney cells (Table 1 and Fig. 4b) .
Pendrin activity was found to be resistant to thiazides (Table 1 ). This finding is particularly relevant when considering that pendrin expression is upregulated in a setting of NCC gene ablation [16, 68] or impeded NCC activation [69] , conditions that can be regarded as analogous to the state resulting from chronic thiazide treatment. The resistance of pendrin to thiazides is consistent with the development of thiazide diuretics resistance following prolonged therapy [70] .
As previously mentioned, the functional test utilized here evaluates the Cl -/I -exchange activity of pendrin [34] [35] [36] [37] . The Cl -/I -exchange activity, in general, reflects the Cl -/HCO 3 -/OH -exchange activity [71] ; when differences between the Cl -/I -and Cl -/HCO 3 -exchange efficiency were observed, they were considered to be "moderate", and unlikely of pathophysiological relevance [72] . In addition, in the kidney, pendrin plays a role in I -absorption, thus contributing to I -balance [73, 74] . Therefore, the Cl -/I -exchange activity can be used as a reliable tool to measure pendrin transport efficiency. In addition, inhibitors of anion transport can lead to intracellular acidification [75] , therefore indirectly affecting pendrin Cl -/HCO 3 -activity by limiting the availability of intracellular HCO 3 -. The Cl -/I -exchange transport mode does not affect the intracellular pH and therefore does not rely on intracellular HCO 3 - [34] . Therefore, measuring the Cl -/I -exchange is a suitable approach for testing pendrin activity in the presence of possible decreases in intracellular pH. Moreover, it should be considered that intracellular pH variations can intrinsically modify the transport kinetics of pendrin, independently of transmembrane concentration gradients, with increased activity at low intracellular pH [52] . This could have lead to underestimates of the inhibition percentages reported in Table 1 .
As previously mentioned, fluorescence % variations measured in control cells (not overexpressing pendrin) exposed to the tested substances (with the only exception of 1 mM probenecid) did not significantly differ from those measured in control cells exposed to the respective vehicles; therefore, an effect of NPPB, tenidap and niflumic acid on anion channels/transporters endogenously expressed in HEK 293 Phoenix cells can be excluded.
Theoretically, the inhibitory effect of NPPB, tenidap or niflumic acid observed in the present study may reflect an inhibition of an iodide influx through endogenous chloride channels (such as ClC2 [76] ) that may be activated following pendrin overexpression. This effect would not be apparent in control cells that do not overexpress pendrin. However, previous studies revealed that pendrin overexpression does not activate chloride currents [77] . Therefore, an effect of the aforementioned compounds on endogenously expressed ion channels seems unlikely.
To conclude, we confirmed that human pendrin activity in human kidney cells was inhibited by the anti-inflammatory drug niflumic acid, the anti-rheumatic drug tenidap and the anion channel inhibitor NPPB. Further studies are warranted to verify if niflumic acid (a drug currently in use in clinical practice) and tenidap (a drug that was used in clinical trials [78, 79] ) could represent useful adjuncts in the treatment of respiratory distresses and/or hypertensive states.
